Background--Obesity is causally associated with atherosclerosis, and adipose tissue (AT)-derived exosomes may be implicated in the metabolic complications of obesity. However, the precise role of AT-exosomes in atherogenesis remains unclear. We herein aimed to assess the effect of AT-exosomes on macrophage foam cell formation and polarization and subsequent atherosclerosis development.
O besity is a well-established risk factor for atherosclerosis. 1 Individuals with excess deposition of adipose tissue (AT) exhibit increased coronary plaque vulnerability and coronary plaque progression as well as high cardiovascular event rates. [2] [3] [4] In recent decades, AT is being recognized as an active endocrine organ that secretes hundreds of bioactive substances, such as adipokines and proinflammatory cytokines. 5 The endocrine function of fat tissue provides crucial clues to the mechanisms linking obese AT with atherosclerosis. It was reported that adipokines and cytokines from accumulated visceral fat play an important role in atherogenesis by influencing lipid and glucose metabolism and by directly affecting vascular function in the context of obesity. 6, 7 However, the mode of communication between AT and atherosclerosis remains to be further explored. Exosomes are small biological vesicles (30-100 nm in diameter) that are actively and constitutively secreted from a wide range of cell types by the fusion of multivesicular endosomes with the plasma membrane. 8 Exosomes enclose diverse cytosolic components and may act as mediators of communication between cells of various tissues and vascular disease. 9 Adipocyte-derived microvesicles (including exosomes) have been shown to deliver adipocyte-dominant transcripts (mRNAs and microRNAs) into macrophages and promote AT macrophage activation. 10, 11 A recent study confirmed that AT substantially contributes to circulating exosomal miRNA content in both humans and mice 12 and, therefore, might be a major source of circulating exosomes.
Whether adipose-derived exosomes have an impact on the initiation and progression of atherosclerosis in an endocrine manner remains to be determined. Macrophage foam cell formation is a central hallmark in the pathogenesis of atherosclerosis. [13] [14] [15] Cellular cholesterol levels depend on a balance among the uptake, efflux, and endogenous synthesis of cholesterol. Uncontrolled uptake of oxidized low-density lipoprotein (oxLDL) via scavenger receptors, including CD36 and scavenger receptor A, promotes the generation of foam cells. 16 Conversely, the impairment of cholesterol efflux, which is mainly mediated by the ATPbinding cassette (ABC) transporters ABCA1 and ABCG1, also leads to an excessive deposition of cholesterol in the cytoplasm of macrophages. 17 In addition, macrophages polarize toward a classic M1 or an alternative M2 phenotype in response to various stimuli in the local microenvironment. 18 M1 macrophages increase and sustain the ongoing inflammatory response by producing proinflammatory mediators. 19 Persistent induction of M1 macrophages promotes an inflammatory state and causes tissue injury, which are associated with atherosclerosis progression and plaque rupture. 20, 21 In contrast, M2 macrophages have an antiatherogenic effect through inflammation resolution, tissue repair, and efferocytosis. 19, 22 Overall, macrophage foam cell formation and polarization are both fundamental contributors to the development and progression of atherosclerotic plaques.
In the present study, we evaluated the impact of exosomes released by subcutaneous AT (SAT) and visceral AT (VAT) explants isolated from obese and lean mice on macrophage foam cell generation and polarization, compared the effect of these AT-secreted exosomes under physiological or pathologically obese conditions, and investigated the related molecular mechanisms involved in macrophages. Moreover, we examined whether the systemic administration of ATderived exosomes (AT-exosomes) accelerated atherosclerosis development in vivo.
Methods
The authors declare that all supporting data are available within the article. The analytic methods and study materials are available from the corresponding author upon reasonable request.
Experimental Animals
Eight-week-old C57BL/6J male mice, obtained from the laboratory animal center of The Second Affiliated Hospital of Harbin Medical University, were fed either a high-fat diet (HFD) with 60% of total calories from fat (D12492; HFK Bioscience) or a standard chow diet containing 4% fat (D12450B; HFK Bioscience) for 16 weeks. Body weight was measured biweekly. At the end of the diet intervention, the HFD-induced obese mice had a body weight >30% higher than that of the control mice. All mice were euthanized, and VAT and SAT were separately collected.
Weaned apolipoprotein E-deficient (ApoEÀ/À) mice on a C57BL/6J background were purchased from HFK Bioscience. After a 2-week period of acclimatization, ApoEÀ/À mice were fed an HFD (D12079B; HFK Bioscience) to induce atherosclerosis and were administered exosomes derived from the VAT (VAT exosomes) or SAT (SAT exosomes) of HFD-induced obese mice or wild-type (WT) mice through tail intravenous injections (9 mice per group, 30 lg per mouse) every 4 days. The control group was injected with equal volumes of PBS. The mice were euthanized after 6 weeks. Among them, 6 in each group were applied to the histopathological assays of the isolated aortic arteries. The plasma was obtained following blood collection through centrifugation at 815 g for 15 minutes and frozen in À80°C for subsequent lipid profile assays. The aortas of the remaining mice were collected and lysates were then subjected to Western blotting to assess the in vivo expression of target proteins.
All animal experiments were performed according to the US National Institutes of Health Guidelines for the Care and Use of Experimental Animals and were approved by the ethics review board of Harbin Medical University.
Isolation of AT-Exosomes and Transmission Electron Microscopy
Isolated ATs were cut into small pieces with appropriate dimensions (not more than 494 mm) after rinsing in sterilized Clinical Perspective What Is New?
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What Are the Clinical Implications?
• Exosome serves as a novel mechanistic link between visceral obesity and atherosclerosis, thus it may be a promising therapeutic target for the attenuation of atherosclerotic vascular disease in the growing obese population.
PBS followed by incubation in DMEM-F12 supplemented with 50 mg/mL streptomycin and 50 IU/mL penicillin for 12 hours. Culture supernatants were centrifuged for 30 minutes at 2000 g, and filtered through 0.22-lm membrane filters to remove cells and debris and then used for exosome isolation. Exosome pellets were then acquired from the purified supernatants using total exosome isolation reagent (from cell culture media) (4478359; Life Technologies) according to the manufacturer's instructions. Finally, the exosomes were resuspended in serum-free RPMI1640 medium. The total protein content of exosomes was quantified using the bicinchoninc acid method, and the level of exosomes was presented as micrograms of total protein in exosomes. The ultrastructural morphology of various types of exosomes (HFD-SAT exosomes, WT-SAT exosomes, HFD-VAT exosomes, and WT-VAT exosomes) was identified using a JEM 1220 electron microscope based on negative staining as previously described.
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In Vitro Exosome Uptake Assays
Exosomes were labeled using PKH67 Fluorescent Cell Linker kits (Sigma-Aldrich) according to the manufacturer's instructions and then washed 3 times in PBS buffer and resuspended in RPMI1640. The supernatants of the last PBS washing were recognized as exosome-depleted fraction. Next, 10 lg/mL labeled exosomes were incubated with RAW264.7 macrophages for 12 hours. 4',6-Diamidino-2-phenylindole and phalloidin were separately used to stain the cell nucleus and cytoskeleton. Macrophages were incubated with the exosome-depleted fraction to eliminate the possibility of fluorescence leakage. After incubation, macrophages were washed, fixed, and examined using a fluorescence microscope (DMI4000B; Leica).
Intracellular Cholesterol Assessment
RAW264.7 macrophages were pretreated with different groups of AT-exosomes (10 lg/mL) or PBS for 12 hours in RPMI1640 culture medium containing 0.5% BSA followed by coincubation with or without 50 lg/mL oxLDL (YB-002; Yiyuanbiotech) for 24 hours. Then, the cells were washed 3 times with PBS and fixed with 4% paraformaldehyde for 20 minutes at room temperature. After sufficient washing in PBS, cells were washed briefly with 60% isopropanol 3 times and stained with filtered Oil Red O solution at room temperature for 30 minutes. The nucleus was stained with hematoxylin. Stained cells were observed with phase-contrast microscopy (IX71; Olympus). After incubation with oxLDL, intracellular lipids in macrophages were extracted with a hexane/isopropanol (3:2) mixture and then dissolved with isopropanol containing 10% Triton X-100. Cellular protein was extracted with NaOH (0.2 mol/L). Free cholesterol and total cholesterol were measured with cholesterol detection kits (Applygen) according to the manufacturer's instructions and normalized to cellular protein levels, which were determined with the bicinchoninc acid method. Cholesterol ester content was obtained by subtracting free cholesterol from total cholesterol.
Cholesterol Uptake Assessment
Cholesterol uptake was assessed via immunofluorescence and flow cytometry. Macrophages were pretreated with or without 10 lg/mL exosomes for 12 hours and incubated with 10 lg/mL Dil-oxLDL (YB-0010; Yiyuanbiotech) for 4 hours at 37°C. Fluorescence images were captured using a fluorescence microscope. The mean fluorescence intensity was measured by flow cytometry.
NBD-Labeled Cholesterol Efflux Assay
RAW264.7 macrophages were equilibrated with 1 lg/mL nitrobenzoxadiazole (NBD)-cholesterol (13221; Cayman) in serum-free RPMI1640 medium containing 0.2% BSA for 24 hours. The NBD-cholesterol-loaded cells were rinsed and treated with 10 lg/mL exosomes or PBS for 2 hours. Then, 15 lg/mL apolipoprotein A1 (ApoA1) (A0722; Sigma-Aldrich) or 50 lg/mL high-density lipoprotein (HDL) (YB-003; Yiyuanbiotech) was added into the culture medium to induce cholesterol efflux. NBD-labeled cholesterol efflux was measured at an excitation of 470 nm and emission of 530 nm using a Microplate Reader (Tecan Infinite M200; LabX). ApoA1 or HDL-mediated cholesterol efflux was expressed as the percentage of fluorescence in the medium to the total amount of fluorescence.
Macrophage Phenotype Analysis by Flow Cytometry
Raw264.7 macrophages were treated with 10 lg/mL exosomes or an equal volume of PBS (negative control) in serum-free RPMI1640 for 24 hours. Positive control groups for M1 and M2 polarization were incubated with lipopolysaccharide (500 ng/mL) or interleukin (IL)-4 (20 ng/mL) under equal conditions. Then, the cells were harvested and stained with specific antibodies for 30 minutes at 4°C in the dark. After washing with PBS, the stained cells were analyzed by flow cytometry (FACSCanto II; Becton-Dickinson) to determine the M1 and M2 macrophage phenotype. PE-antimouse CD80, FITC-antimouse CD206, APC-antimouse F4/80, and corresponding isotype controls (104707, 141703, 123115; Biolegend) were used in this procedure. Data analysis was performed with FlowJo software (FlowJo LLC).
Western Blotting
Western blotting analysis was performed to determine the protein expression levels of exosomal markers, molecules related to cholesterol trafficking, and macrophage polarization. To detect the expression of proteins associated with macrophage foam cell formation, Raw264.7 cells were pretreated with or without 10 lg/mL exosomes in serumfree medium for 24 hours before incubation with or without 50 lg/mL oxLDL for an additional 6 hours. The induction of macrophage polarization was performed as described for flow cytometry analysis. Total lysates were extracted and separated on SDS-PAGE (8-12%) before transfer to nitrocellulose transfer membranes (PALL). After blocking with 5% nonfat milk, membranes were incubated with specific primary antibodies against TSG101 (ab125011; Abcam), Alix (ab186429; Abcam), CD9 (ab92716; Abcam), heat shock protein cognate 70 (ab2788; Abcam), scavenger receptor A (ab183725; Abcam), CD36 (ab133625; Abcam), low-density lipoprotein receptor (ab52818; Abcam), ABCA1 (NB400-105; Novus Biologicals), ABCG1 (sc-11150; Santa Cruz), liver X receptor a (LXR-a) (ab176323; Abcam), peroxisome proliferator-activated receptor c (PPAR-c) (WL01800; Wanleibio), phosphor-NF-jB-p65 (3033; Cell Signaling Technology), NF-jB-p65 (8242; Cell Signaling Technology), IjB-a (8242; Cell Signaling Technology), and b-actin (Zhongshan Golden Bridge Biotechnology). The membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies. b-Actin was used as the internal control. The protein bands were visualized using an enhanced chemiluminescence kit (Beyotime) and quantified by densitometry analysis with ImageJ software (National Institutes of Health).
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was extracted from cells using Trizol reagent (Invitrogen) and converted to complementary DNA by reverse transcriptase with AccuPower RocketScript RT premix (Bioneer). The quantitative real-time polymerase chain reaction reaction was performed with the FastStart Universal SYBR Green Master and Accupower 29GreenStar Qpcr Master Mix (Bioneer). The relative expression level of mRNAs was normalized to b-actin mRNA as the internal control by using the 2
ÀDDCt cycle threshold method. The forward and reverse primer sequences used to quantify ABCA1 and ABCG1 mRNA abundance were as follows: ABCA1 forward: AGATGCTTGGA-TAGGAGTGAGG, reverse: CTTCTTGGCTTCTGTATTGATGC; ABCG1 forward: AAGGATGAAGGCAGACGAGAG; reverse: TCA-GAGACACCACTTGGAAGC.
Enzyme-Linked Immunosorbent Assay
The culture supernatants were collected after treatment of macrophages with or without exosomes (10 lg/mL) or lipopolysaccharide (500 ng/mL) as described for flow cytometry analysis. Then, the levels of IL-6 and tumor necrosis factor a were assessed with ELISA kits (NeoBioscience) according to the manufacturer's instructions, and the absorbance was measured using a Microplate Reader (Tecan Infinite M200).
Atherosclerotic Lesion Area Quantification
ApoEÀ/À mice were euthanized and the entire length of the aorta along with the heart was carefully exposed. For en face analysis, the aortas were cut longitudinally and stained with Sudan IV after removal of adventitia and AT. The images were captured with a Nikon D3000 digital camera (Nikon), and the extent of atherosclerotic lesions was analyzed using ImagePro Plus 6.0 software (Media Cybernetics). Cross-sectional analysis was performed to quantify atherosclerotic lesions at the aortic root. Briefly, the upper section of the heart with the aortic root was embedded in optimal cutting temperature compound and cryosectioned into 10-lm slices. The crosssections were stained with Oil Red O and counterstained with hematoxylin. Images were captured with an optical microscope (DP73; Olympus) and the cross-sectional area of the atherosclerotic plaques was quantified using ImagePro Plus.
Immunofluorescence Staining of Aortic Sections
Aortic sections were cryosectioned in 10-lm intervals. After antigen retrieval and blocking with normal goat serum, the slices were incubated with primary antibodies against CD16/ 32 (ab25235; Abcam) and inducible nitric oxide synthase (ab178945; Abcam) overnight at 4°and then with appropriate fluorescence-conjugated secondary IgG antibodies (Beyotime Biotechnology) for 60 minutes in the dark at room temperature. 4',6-Diamidino-2-phenylindole was used to stain the cell nucleus. Fluorescence images were taken using a fluorescence microscope (BX53; Olympus). The CD16/ 32-positive area and inducible nitric oxide synthase-positive area were measured using ImagePro Plus.
In Vivo Macrophage Migration Assay
After administration with different kinds of AT-exosomes regularly, HFD-fed ApoEÀ/À mice were given 2 mL thioglycollate broth (3 g/100 mL) in subcutaneous injection. Three days after the injection, mice were euthanized and peritoneal macrophages elicited from the mice were collected. Macrophagic cells from different groups were counted.
Statistical Analysis
All statistical analyses were performed with the statistical software SPSS package version 19.0 (IBM). Normal distribution of data was assessed with the Shapiro-Wilk test. If the data were normally distributed, statistical significance was evaluated with Student t test when only 2 value sets were compared or with 1-way ANOVA when the differences among groups were assessed (data presented as meanAESEM). For multiple comparisons, Dunnett multiple comparison test was applied. If the data failed normality tests, groups were compared using Wilcoxon rank-sum test for 2 groups and using Kruskal-Wallis test for more than 2 groups (data presented as median with 25th and 75th percentiles). Each experiment was repeated at least 3 times. A 2-tailed P value <0.05 was considered to be statistically significant.
Results

Characterization and Cellular Uptake of AT-Exosomes
As shown in Figure 1A , the exosomes derived from SAT and VAT of age-matched HFD-fed obese mice and WT lean mice were similar in size (20-100 nm) and had a cup-like shape, as shown by transmission electron microscopy. Quantitative analysis of exosomal protein levels showed that more exosomes were released in 12-hour ex vivo VAT cultures compared with SAT cultures. The quantity of exosomes in 12-hour ex vivo cultures of VAT from HFD-fed mice was significantly higher compared with that from age-matched lean mice ( Figure 1B ). The expression of exosomal identity markers TSG101, Alix, CD9, and heat shock protein cognate 70 was confirmed in exosomes released from the different groups of AT by Western blotting analysis ( Figure 1C ). We further determined whether AT-exosomes were effectively taken up by macrophages in vitro. Confluent Raw264.7 macrophages were cultured with PKH67-labeled (green) exosomes or the exosome-depleted fraction for 12 hours before imaging with a fluorescence microscopy. Green fluorescence was localized in the cytoplasm of macrophages, which was indicated by the red fluorescence of phalloidin, a well-established cytoskeletal stain, after PKH67-labeled exosome treatment ( Figure 1D ). The fluorescence staining did not differ among macrophages treated with the 4 groups of exosomes. The lack of green staining in the macrophages incubated with the exosome-depleted fraction excluded the possibility of PKH67 leakage. These data confirmed that AT-exosomes were successfully purified and could be effectively internalized by macrophages.
VAT Exosomes Enhance Macrophage Foam Cell Formation
Next, we examined the impact of AT-exosomes on the formation of macrophage-derived foam cells. Raw264.7 cells were cultured with oxLDL in the presence or absence of HFD-SAT exosomes, WT-SAT exosomes, HFD-VAT exosomes, or WT-VAT exosomes. Serum-free media was used in these experiments to exclude potentially confounding components in serum. Figure 2A through 2C summarizes the results of direct lipid analysis, which showed that HFD-VAT exosometreated macrophages that were exposed to oxLDL accumulated %1.8-fold more total cholesterol, %1.6-fold more cholesterol esters, and %1.9-fold more free cholesterol than macrophages that were stimulated with oxLDL only (all P<0.001). Treatment with WT-VAT exosomes also markedly increased the total cholesterol, cholesterol ester, and free cholesterol content by %1.8-fold in oxLDL-stimulated macrophages (all P<0.01). However, HFD-SAT exosomes and WT-SAT exosomes did not alter the intracellular cholesterol accumulation induced by oxLDL. Furthermore, neutral lipid staining with Oil Red O revealed an obvious increase in oxLDLmediated foam cell formation in macrophages exposed to either HFD-VAT exosomes or WT-VAT exosomes compared with macrophages that were maintained in exosome-free media ( Figure 2D ). Thus, exosomes released by VAT from both obese and lean mice, but not SAT exosomes, enhanced cholesterol accumulation and increased macrophage foam cell formation in vitro.
VAT Exosomes Prevent Cholesterol Efflux From Macrophages
To delineate the mechanism by which VAT exosomes accelerated the generation of cholesterol-engorged macrophage foam cells, we examined cholesterol uptake and efflux in macrophages cultured in HFD-SAT exosome-, WT-SAT exosome-, HFD-VAT exosome-, or WT-VAT exosome-supplemented media or exosome-free media. Fluorescence imaging showed that treatment with exosomes from different types of AT did not affect cholesterol uptake into Raw264.7 macrophages after 4 hours of exposure to Dil-oxLDL ( Figure 3A) . The mean fluorescence intensity was comparable among macrophages cultured with or without VAT-derived exosomes, as assessed by flow cytometry ( Figure 3B ). In contrast, treatment with HFD-VAT exosomes and WT-VAT exosomes markedly decreased NBD-cholesterol efflux to mature HDLs in lipid-laden Raw264.7 macrophages by %80% and 70%, respectively, when compared with controls ( Figure 3C ). Similarly, NBD-cholesterol efflux caused by lipid-poor ApoA1 uptake was significantly attenuated by %80% in response to HFD-VAT exosome and WT-VAT exosome treatment (Figure 3D) . However, HFD-SAT exosomes and WT-SAT exosomes did not produce notable effects on cholesterol efflux in Raw264.7 macrophages after 5 hours of stimulation with HDL or ApoA1 ( Figure 3C and 3D) . These data indicate clear differences between VAT-and SAT-derived exosomes in the regulation of macrophage cholesterol metabolism.
VAT Exosomes Dysregulate ABCA1, ABCG1, and LXR-a Expression in Macrophages
We then investigated the molecular mechanisms underlying the effect of AT-exosomes on cholesterol metabolism in macrophages by examining the expression level of lipid metabolism-related proteins. Raw264.7 macrophages were preincubated with different groups of AT-exosomes for 24 hours followed by cotreatment with or without 50 lg/ mL oxLDL for another 6 hours. The protein expression levels are shown in Figure 4A and 4B. In accordance with the previously mentioned results, treatment with various groups of AT-exosomes did not alter the protein expression levels of CD36 and scavenger receptor A, critical membrane proteins that mediate cholesterol uptake, thus further excluding the possibility that VAT exosome-enhanced foam cell formation was attributed to an increase in lipid internalization. In addition, the protein expression of low-density lipoprotein receptor, a crucial target gene of SREBP2, was not influenced by AT-exosome treatment, implying that VAT exosomeinduced intracellular lipid accumulation was not caused by increased endogenous lipid synthesis. ABCG1 and ABCA1 play important roles in cholesterol efflux during foam cell formation. Raw264.7 macrophages pretreated with HFD-VAT exosomes or WT-VAT exosomes expressed half the amount of ABCG1 and ABCA1 protein compared with control macrophages, which were only treated with oxLDL. Conversely, ABCG1 and ABCA1 protein expression was not notably changed by either HFD-SAT exosomes or WT-SAT exosomes. Polymerase chain reaction analysis of ABCA1 and ABCG1 mRNA expression revealed changes that were consistent with the changes in protein levels. Treatment with HFD-VAT exosomes or WT-VAT exosomes significantly decreased the mRNA levels of ABCA1 and ABCG1 in Raw264.7 macrophages ( Figure 4C and 4D) . Collectively, these results showed that VAT exosomes promoted macrophage foam cell formation by inhibiting the protein expression of transporters responsible for cholesterol efflux.
Because ABCA1 is regulated by the nuclear receptor LXR-a and ABCG1 is regulated by LXR-a as well as PPAR-c, we next evaluated the protein level of LXR-a and PPAR-c in oxLDLtreated macrophages ( Figure 4A and 4B ). LXR-a expression was markedly decreased in Raw264.7 macrophages cultured in HFD-VAT exosome-or WT-VAT exosome-supplemented media compared with macrophages stimulated with oxLDL only. In contrast, neither HFD-SAT exosomes nor WT-SAT exosomes exerted a significant influence on LXR-a protein expression. Moreover, none of the 4 AT-exosomes altered the protein expression level of PPAR-c when cocultured with oxLDL, thus excluding the contribution of PPAR-c to the effect of VAT exosomes. These data further suggest that the downregulation of LXR-a may be a common signaling pathway that mediates the decrease in ABCA1 and ABCG1 expression during VAT exosome-exacerbated macrophage foam cell formation.
HFD-VAT Exosomes Promote Macrophage Switching into the M1 Phenotype and NF-KB Activation
Since macrophages in atherosclerotic lesions are exposed to a myriad of M1-and M2-polarizing factors, we wondered whether AT-exosomes could affect the proinflammatory and anti-inflammatory potential of macrophages. Raw264.7 macrophages were incubated with various types of ATexosomes or previously defined polarizing factors in serumfree medium for 24 hours to induce macrophage phenotype switching. Lipopolysaccharide and IL-4 stimulation were the positive controls for M1 and M2 polarization, respectively. As presented in Figure 5A and 5B, flow cytometry analysis showed that HFD-VAT exosome treatment significantly increased the proportion of M1 macrophages, as indicated by F4/80+/CD80+ cells. While 36.4% of the control macrophages exhibited the M1 phenotype, 61.6% of Raw264.7 macrophages polarized into the M1 phenotype upon exposure to HFD-VAT exosomes, which was slightly less than the lipopolysaccharide-stimulated macrophages, which exhibited 71.5% polarization into the M1 phenotype. The other 3 types of AT-exosomes did not exert a noticeable impact on M1 switching. With regard to M2 polarization, the addition of AT-exosomes had little effect on the ratio of F4/80+/CD206+ cells ( Figure 5A through 5C) . Thus, we focused on M1 polarization in the subsequent experiments. To further assess the influence of AT-exosomes on the production of the typical cytokines of M1 macrophages, we determined the concentration of tumor necrosis factor a and IL-6 in cell culture media using ELISA. Raw264.7 macrophages released %4-fold greater amounts of tumor necrosis factor a and %6-fold higher levels of IL-6 than control macrophages upon lipopolysaccharide stimulation. HFD-VAT exosome treatment significantly increased tumor necrosis factor a production in Raw264.7 macrophages by %3-fold ( Figure 5D ). In a parallel experiment, Raw264.7 macrophages treated by HFD-VAT exosomes released %3.5-fold higher amounts of IL-6 compared with the control group ( Figure 5E ). The exosomes from SAT and WT-VAT exosomes did not affect the production of the proinflammatory mediators. Because the transcription factor NF-jB plays a key role in M1 polarization by inducing the expression of various proinflammatory factors, we next evaluated its activity in Raw264.7 macrophages upon incubation with AT-exosomes. As shown by Western blotting analysis, HFD-VAT exosome treatment markedly induced the phosphorylation of NF-jB-p65 to an extent that was slightly inferior to that in the positive control without any change in total NF-jB-p65 expression ( Figure 5F and 5G) . However, the other 3 AT-exosomes did not affect the degree of NF-jB-p65 phosphorylation. Moreover, the expression of IjB-a was identical in the presence or absence of different types of AT-exosomes ( Figure 5F and 5G), excluding the possibility that this induction was accompanied by the degradation of IjB-a. Collectively, these data demonstrated that only HFD-VAT exosomes effectively promote M1 macrophage polarization, probably through the activation of NF-jB, but they did not have an obvious effect on M2 polarization.
Systemic Administration of HFD-VAT Exosomes Exacerbates Atherosclerosis in ApoEÀ/À Mice
To study the functional role of AT-exosomes in atherogenesis in vivo, we periodically administered AT-exosomes to ApoEÀ/À mice, which are mouse models of atherosclerosis. Fat deposition on total aortic surfaces and in aortic roots was assessed in these mice. Sudan IV staining of the whole aorta from mice injected with HFD-VAT exosomes showed significantly increased atherosclerotic lesion area compared with PBS-injected mice ( Figure 6A and 6B) . Moreover, Oil Red O-stained areas in cross-sections of the aortic sinus were profoundly increased in the HFD-VAT exosome-treated mice ( Figure 6C and 6D) . The administration of WT-VAT exosomes also tended to increase the area of lipid deposition, but the change was not statistically significant ( Figure 6B through 6D) . The lipid areas in aorta and plaque were of similar magnitude among the groups treated with SAT exosomes and PBS. Consistent with the results of in vitro experiment, HFD-VAT exosome treatment significantly decreased the protein expression of ABCA1 and ABCG1 in aortas of ApoEÀ/À mice ( Figure 6E and 6F) . Subsequently, the region of atherosclerotic lesions that was infiltrated by M1 macrophages was detected by a combined immunofluorescence staining using antibodies against CD16/32 and inducible nitric oxide synthase. The area stained with anti-M1 macrophage antibodies in the aortic roots from HFD-VAT exosome-injected mice was significantly increased compared with PBS-injected mice ( Figure 7A and 7B). The corresponding area of mice treated with the other 3 types of AT-exosomes did not show a profound difference compared with the PBS-injected mice. However, the body weights and the plasma triglyceride and plasma cholesterol levels were similar among all groups ( Figure 8A through 8E) . Monocyte recruitment is another key determinant of the severity of atherosclerotic lesions. To test whether the administration of AT-exosomes affects macrophage recruitment in vivo, mice were intraperitoneally injected with thioglycollate. There were no differences in peritoneal macrophage counts among all groups ( Figure 8F) . Thus, the exosomes released by VAT from obese mice could promote atherogenesis in vivo without changes in plasma cholesterol levels and macrophage migration.
Discussion
In the present study, we demonstrated that visceral fatderived exosomes, irrespective of obesity, facilitated macrophage-derived foam cell formation through the prevention of ABCA1-and ABCG1-mediated cholesterol efflux, probably in an LXR-a-dependent manner. We then found that only obese visceral fat-derived exosomes were capable of inducing M1 macrophage polarization by modulating NK-jB activity. The results of the in vivo studies further demonstrate that systematic administration of HFD-VAT exosomes leads to accelerated atherosclerosis in hyperlipidemic ApoEÀ/À mice. Taken together, this study provides novel evidence indicating the role of exosomes as an effective mediator between visceral fat tissue dysfunction and accelerated atherosclerosis with the potential to promote macrophage foam cell formation and M1 phenotype switching during atherogenesis.
In recent years, exosomes have emerged as important players in intercellular communication. 24 AT, as an active endocrine organ, has been shown to release abundant exosomes to exert its auto/paracrine and endocrine functions in addition to well-described adipokines. 25 Numerous studies have shown that adipose-derived exosomes are linked to diverse physiological and pathological processes, including lipid metabolism, obesity-related insulin resistance, angiogenesis, immunomodulation, and tumor development. 26 In addition, AT has recently been confirmed to constitute a major source of the exosomal miRNAs in circulation, 12 and therefore might make a particular contribution to the circulating exosome level. These findings led us to hypothesize that ATexosomes were ideal soluble signals that could travel long distances in circulation and directly influx into atherosclerotic plaques through injured endothelium and intraplaque microvessles. Several previous studies have reported that exosomes that are released from hypertrophic adipocytes impair endothelial cell function, suggesting a possible role for exosomes in obesity-related atherosclerosis. 27, 28 However, as macrophages are the best-studied contributors to atherosclerosis, we focused on the interaction between exosomes and macrophages. The present study is the first to show that dysfunctional VAT produces exosomes with proatherosclerotic properties that can regulate lipid deposition and inflammatory responses in macrophages, providing a novel mechanistic link between visceral obesity and atherosclerosis. It is known that AT is a widely distributed and highly heterogeneous organ that is commonly classified as distinct subcutaneous and visceral fat. Abraham et al 29 prospectively
demonstrated that VAT volume was more closely associated with the development of cardiovascular risk factors than SAT volume. VAT has been reported to predict the incidence of cardiovascular disease, such as hypertension and myocardial infarction, among certain populations. [30] [31] [32] These evidences suggest that visceral fat is an ectopic depot that confers pathogenic risk beyond its contribution to overall obesity. Mechanically, visceral fat is more metabolically active than subcutaneous fat. It is characterized by a greater capacity to store and mobilize triglycerides, facilitating metabolic deterioration and atherosclerosis. 33 In addition, visceral fat but not subcutaneous fat has been reported to contain more macrophages, T lymphocytes, and mast cells in patients with coronary artery disease. 34, 35 VAT produces a more proinflammatory cytokine profile and possesses a higher adipokine secretion ability than SAT. 6, 36 Consistent with previous studies, we found that more exosomes were released by VAT compared with subcutaneous fat. Furthermore, we observed that the biological functions of AT-exosomes vary with the type of AT from which the exosomes are derived. VAT exosomes but not SAT exosomes are capable of enhancing macrophage foam cell formation, a key step in both early and late atherosclerotic lesions. In addition to its heterogeneity, another key property of AT is its ability to change its metabolic status and functionality during the transition from the lean to the overweight state. Deng et al 37 found that exosomes from obese but not lean mouse VAT activated monocyte differentiation into macrophages and prompted insulin resistance. Exosomes from visceral fat of obese individuals may affect the development of nonalcoholic fatty liver disease. 38 miRNA profiles of VATderived exosomes from obese and lean individuals are different. 39 Presumably, obesity may cause dysregulation in the assembly of adipose-exosome biological components, resulting in the unregulated sorting of certain contents into exosomes. The results from the present study further show that VAT-derived exosomes from obese mice induced macrophage M1 phenotype transition by regulating NF-jB activity. Obesity is accompanied by chronic low-grade inflammation. It is conceivable that VAT exosomes, together with previously established proinflammatory cytokines and adipokines, constitute the inflammatory effectors of obese AT, exacerbating obesity-associated complications. Additionally, obesity always leads to relative hypoxia in AT caused by insufficient capillary network expansion. A previous study demonstrated that hypoxia profoundly increased exosome secretion by 3T3-L1 adipocyte and enhanced the volume of lipid droplets in adipocytes. 40 In line with the cited work, our findings show that VAT from obese mice secreted higher quantities of exosomes than VAT from lean VAT. However, the effect of fat-derived exosomes (the same amount) from obese and lean mice on macrophage foam cell formation was comparable. Nevertheless, we speculate that VAT from obese individuals has a more remarkable effect on macrophage foam cell formation, compared with an equal weight of VAT from lean individuals, in addition to the excess accumulation of visceral fat that occurs in obese individuals.
The formation of macrophage foam cells, which are characterized by the disruption of lipid homoeostasis in macrophages, is a vital feature of atherosclerosis. 41 Our results show that VAT exosomes treatment substantially enhanced the generation of macrophage-derived foam cells by reducing the expression of ABCA1 and ABCG1, key lipid transport proteins involved in mobilizing cholesterol out of macrophages and onto extracellular ApoA1 and HDL, respectively. Moreover, we found that the VAT exosome-induced upregulation of lipid accumulation in macrophages was accompanied by a decreased cellular level of LXR-a, which is a well-established nuclear receptor that mediates the transcription of ABCA1 and ABCG1. Collectively, these results suggest that VAT exosomes regulate a unifying cell signaling pathway that represses both ABC transporter expression and cholesterol efflux. However, the detailed molecular mechanisms merit further study. We also demonstrated that VATderived exosomes from obese individuals could aggravate inflammation by regulating the M1/M2 status of macrophages. The complex formed by NF-jB and IjB is a critical element in the regulation of this process. 42 As expected, HFD-VAT exosomes significantly increased the phosphorylation of NF-jB-p65 without influencing the levels of IjB-a, suggesting a possible mechanism by which HFD-VAT exosomes affect macrophage polarization. In addition, it was previously found that knockdown of ABCA1 in macrophages increased membrane cholesterol and lipid raft content, which promoted a toll-like receptor 4-MyD88-mediated proinflammatory response. 43 Therefore, the VAT exosome-induced Figure 6 . Continued downregulation of cholesterol efflux in macrophages may also play a crucial role in regulating macrophage polarization and the inflammatory response. Given that the contents of exosomes are complex, the contribution of adipose-derived exosomes to certain biological events, such as macrophage foam cell formation and polarization, is likely multifactorial.
Finally, we intravenously injected AT-exosomes of diverse origins into experimental atherosclerosis mouse models, resulting in heterogeneous lesion severity and homogeneous whole-body metabolism, which provided direct evidence for the effect of exosomes from visceral fat of obese individuals on disease progression. In contrast to our results, Deng A through E, Body weight, total cholesterol levels, triglycerides levels, and lipoprotein profiles were measured at the end of the procedure (n=6). F, Thioglycollate (3%w/v) was injected into the peritoneal cavity and after 3 days peritoneal macrophages were counted from different AT-EXO-or PBS-injected mice before euthanization (n=6). Data are presented as meanAESEM. HDL-C indicates high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; WT, wild-type mice. et al 37 found that the administration of exosome-like vesicles from dysfunctional AT enhanced insulin resistance in WT mice, and therefore, those exosome-like vesicles may aggravate the lipid profile and adiposity. This discrepancy may be partly caused by the profound dyslipidemia and overweight status of all of our experimental HFD-fed ApoEÀ/À mice. The narrow range of plasma cholesterol levels and body weight may have limited the detection of differences in metabolic disturbance among groups. Moreover, the circulating adipokines such as adiponectin are closely associated with the progression of atherosclerosis, 44 and the lack of the serum levels of adipokines in the in vivo experiment may have limited the elimination of confounding factors. Nevertheless, the net effect of adipose-derived exosomes on the vascular wall is nonnegligible. In addition, though in vitro experiments demonstrated that both WT-VAT exosomes and HFD-VAT exosomes promoted macrophage foam cell formation, only HFD-VAT exosomes, which also induced M1 polarization in vitro, significantly increased lipid deposition in aorta in a mouse model. This may be explained by the complex interaction between inflammation and foam cell formation in plaque local environment, ie, macrophage cholesterol loading can slightly reduce the inflammatory response, whereas lipid accumulation in M1-polarized macrophages is profoundly augmented. 45, 46 As such, our study adds a layer of complexity to the interpretation of the causal relationship between obesity and atherosclerosis, and provides a possible therapeutic target for arteriosclerotic cardiovascular disease in overweight individuals.
Conclusions
Our study shows that exosomes released from differently located and stressed ATs have distinct proatherosclerotic effects. Among them, VAT-derived exosomes from obese individuals were shown to play previously unknown pathophysiological roles both in macrophage foam cell formation and M1 macrophage polarization by downregulating ABCA1-and ABCG1-mediated cholesterol efflux and upregulating NFjB activity, respectively, thereby accelerating atherosclerosis in vivo. The findings in this study reveal a novel mechanistic link between obesity and the progression of atherosclerosis and identify exosomes as a promising therapeutic target for the attenuation of atherosclerotic vascular disease in the growing obese population.
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